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Summary
Apoptosis of neurons plays fundamental roles in brain
development and disease. Although neurons share
with other cell types components of the mitochondrial
apoptotic machinery, how this machinery is specifi-
cally activated in neurons remains poorly understood.
Remarkably, phosphorylation of the BH3-only protein
BIMEL at Ser65 triggers apoptosis in neurons but sup-
presses cell death in non-neural cells. Here, we report
that the prolyl isomerase Pin1 interacts with Ser65-
phosphorylated BIMEL in neurons. Pin1 is enriched
at the mitochondrial membrane in neurons, where it
forms a physical complex with the neuron-specific
JNK scaffold protein JIP3. Activation of JNK signaling
induces the dissociation of Pin1 from JIP3 and con-
comitantly promotes Pin1 binding to phosphorylated
BIMEL. The interaction of Pin1 with phosphorylated
BIMEL stabilizes BIMEL and thereby activates neuronal
apoptosis. These findings define a neural-specific
mechanism of cell death whereby Pin1 couples phos-
phorylation of BH3-only proteins to activation of the
mitochondrial apoptotic machinery.
Introduction
Apoptosis of neurons is a fundamental process in the
development of the nervous system and contributes to
the pathogenesis of several neurologic disorders (Matt-
son, 2000; Oppenheim, 1991). Neurons share with other
cells components of the mitochondrial cell death ma-
chinery (Becker and Bonni, 2004). However, since neu-
rons are postmitotic cells that last the entire lifespan of
an organism, specific mechanisms have likely evolved
to regulate apoptosis in neurons. Our understanding
of potential neuron-specific mechanisms of apoptosis
remains poor.
Proteins of the BH3-only family couple apoptotic sig-
nals from distinct cellular compartments and signaling
pathways to the mitochondrial cell death machinery
(Bouillet and Strasser, 2002). The BH3-only protein
BIMEL resides at the mitochondria in neurons and medi-
ates neuronal cell death following growth factor depriva-
tion as well as activation of the p75 cell death receptor
(Becker et al., 2004; Putcha et al., 2001; Whitfield et al.,
2001). These apoptotic stimuli activate c-Jun N-terminal
kinase (JNK) (Ham et al., 2000; Roux and Barker, 2002).
JNK in turn phosphorylates BIMEL at the distinct site of
Ser65 and thereby promotes the apoptotic function of
*Correspondence: azad_bonni@hms.harvard.eduBIMEL in neurons (Becker et al., 2004; Putcha et al.,
2003). In contrast, phosphorylation of BIMEL at the
same site in proliferating non-neural cells suppresses
cell death (Ley et al., 2004; Luciano et al., 2003; Reginato
et al., 2005). Thus, phosphorylation of BIMEL at Ser65
provides a key regulatory event pointing to the existence
of a neural-specific mechanism that activates the mito-
chondrial apoptotic machinery.
In this study, we identify the prolyl isomerase Pin1 as
an interacting partner of Ser65-phosphorylated BIMEL.
We find that Pin1 is enriched at the mitochondria in neu-
rons together with BIMEL and components of a neuron-
specific JIP3-JNK signaling complex. We also find that
Pin1 forms a physical complex with JIP3. Exposure of
neurons to apoptotic stimuli triggers the dissociation
of Pin1 from JIP3 and concomitantly promotes the inter-
action of Pin1 with phosphorylated BIMEL, leading to the
stabilization of BIMEL and neuronal cell death. Together,
our findings suggest that mitochondrially localized Pin1
in neurons may act as a molecular switch that couples
the phosphorylation of components of the apoptotic
machinery to cell death specifically in neurons.
Results
The phosphorylation of BIMEL at Ser65 triggers apopto-
sis specifically in neurons but not in non-neural cells
(Becker et al., 2004; Ley et al., 2004; Luciano et al.,
2003; Putcha et al., 2003; Reginato et al., 2005). We rea-
soned that a postphosphorylation event might confer
Ser65-phosphorylated BIMEL with the ability to specifi-
cally induce apoptosis in neurons. A critical regulatory
postphosphorylation event is the prolyl isomerization
of proteins at sites of proline-dependent phosphoryla-
tion. Interestingly, the phosphorylated Ser65 in BIMEL
constitutes a recognition motif for the prolyl isomerase
Pin1. A major function of Pin1 is to drive cells through
mitosis in proliferating cells (Wulf et al., 2005). However,
Pin1 is also highly expressed in the nervous system (Lu
et al., 1999a). These observations raised the question of
whether Pin1 might interact with Ser65-phosphorylated
BIMEL in neurons and thereby activate the mitochondrial
apoptotic machinery.
To assess whether Pin1 binds to Ser65-phosphory-
lated BIMEL in vitro, we used a GST pulldown assay.
We expressed BIMEL in 293T cells alone or together
with a constitutively active form of the kinase MEKK1
(MEKK1D), an upstream activator of JNK. Expression
of MEKK1D results in the robust phosphorylation of
BIMEL at Ser65, which is reflected by a mobility shift of
BIMEL (Figure 1A) (Becker et al., 2004). Recombinant
GST-Pin1, but not GST, specifically coprecipitated
phosphorylated but not unphosphorylated BIMEL from
cell lysates (Figure 1A). The Pin1-BIMEL interaction
was dependent on phosphorylation of BIMEL at Ser65,
as GST-Pin1 did not bind to a BIMEL mutant in which
Ser65 was replaced with alanine that was coexpressed
with MEKK1D (Figure 1B). In other experiments, we
tested whether a recombinant GST fusion protein con-
taining the WW domain of Pin1 associates with BIMEL.
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phoSer/Thr-Pro motifs (Lu et al., 1999b). GST-Pin1 WW
protein was incubated with lysates of cerebellar granule
neurons that were untreated or treated with the protea-
some inhibitor MG132, which activated JNK signaling as
reflected by the phosphorylation of c-Jun and BIMEL
(Figure 1C) (Meriin et al., 1998). GST-Pin1 WW interacted
with phosphorylated but not unphosphorylated BIMEL
(Figure 1C). Together, these results indicate that Pin1 in-
teracts with Ser65-phosphorylated BIMEL in vitro.
We next determined whether endogenous Pin1 and
BIMEL interact in neurons. Endogenous BIMEL coimmu-
noprecipitated with Pin1 in lysates of granule neurons
that were starved for 2 hr to activate JNK signaling but
not in lysates of neurons kept under survival conditions
(conditioned medium, CM) (Figure 1D). BIMEL protein
that coimmunoprecipitated with Pin1 was phosphory-
lated at Ser65 as determined by immunoblotting with
Figure 1. Pin1 Interacts with Phosphorylated BIMEL In Vitro and
In Vivo
(A) Lysates of 293T cells transfected with HA-BIMEL alone or to-
gether with FLAG-MEKK1D were subjected to a pulldown assay us-
ing GST or GST-Pin1, followed by immunoblotting with an anti-HA
antibody. Lower panels show the expression of HA-BIMEL and
FLAG-MEKK1D. (B) Lysates of 293T cells transfected with HA-
BIMEL wild-type or HA-BIMEL S65A mutant with or without FLAG-
MEKK1D were subjected to a GST-Pin1 pulldown assay as in (A).
(C) Lysates of cerebellar granule neurons untreated or treated for
5 hr with 5 mM MG132 were subjected to a pulldown with GST-
Pin1 WW, followed by immunoblotting for BIM. Lower panels show
the expression of BIMEL and phosphorylated c-Jun. (D) Lysates from
granule neurons that were kept in conditioned full medium (CM) or
starved for 2 hr (Starv) were immunoprecipitated with a Pin1 anti-
body, followed by immunoblotting for Pin1, BIM, and Ser65-phos-
phorylated BIM. Nonspecific immunoreactivity with the IgG light
chain is indicated by an asterisk (*). Lower panel shows the expres-
sion of BIMEL.a phosphoSer65-BIMEL antibody (Figure 1D). These
results suggest that Pin1 interacts with JNK-induced
Ser65-phosphorylated BIMEL in neurons.
The identification of the Pin1-BIMEL interaction in neu-
rons led us next to determine the subcellular site of this
interaction. BIMEL resides at the mitochondria in neu-
rons (Figure 2A) (Putcha et al., 2003). However, Pin1
has been reported to primarily localize to the cell nu-
cleus in non-neural cells (Lu et al., 2002). To address
how Pin1 might function immediately downstream of
BIMEL in neurons, we characterized the expression of
Pin1 in fractionated lysates of neurons and non-neural
cells. In 293T and COS cells, Pin1 localized predomi-
nantly to the nuclear and cytosolic fraction (Figure 2A
and data not shown). However, the heavy membrane
fraction contained significantly lower amounts of Pin1
(Figure 2A and data not shown). Surprisingly, a signifi-
cant amount of Pin1 in neurons was found in the heavy
membrane fraction that also contains BIMEL and the mi-
tochondrial marker HSP60 (Figure 2A). Thus, in neurons
the heavy membrane fraction contained either a similar
amount or more Pin1 than the nuclear fraction (Fig-
ure 2A). We also analyzed the subcellular localization
of Pin1 by confocal microscopy in neurons. Pin1 immu-
noreactivity was present at the mitochondria in cortical
and granule neurons (Figure 2B and data not shown).
Together, these results suggest that Pin1 is enriched
at the mitochondria specifically in neurons but not in
non-neural cells.
We next determined the mechanism by which Pin1 is
tethered to the mitochondria in neurons and thus facili-
tates the interaction of Pin1 with Ser65-phosphorylated
BIMEL. We first asked whether activation of JNK signal-
ing might recruit Pin1 to the mitochondria independently
of cell type. However, robust activation of the JNK sig-
naling pathway by treatment of 293T cells with sorbitol
did not lead to appreciable changes in the subcellular lo-
calization of Pin1 (see Figure S1 in the Supplemental
Data available online). Since JNK signaling cascades
are organized on scaffold proteins that coordinate acti-
vation and specificity of signal transduction (Morrison
and Davis, 2003), we next considered the possibility
that Pin1 might be enriched at the mitochondria in neu-
rons together with a component of a neuron-specific
JNK signaling complex. The JNK-interacting protein 3
(JIP3) scaffold protein is selectively expressed in neu-
rons (Ito et al., 1999; Kelkar et al., 2000). A substantial
portion of JIP3 and the associated proteins MKK7 and
JNK were found to reside at the mitochondria-enriched
heavy membrane fraction in neurons, where they colo-
calized with Pin1 and BIMEL (Figure S2 and Figure 2A)
(Putcha et al., 2003). Furthermore, Pin1 specifically co-
immunoprecipitated with JIP3 in whole-brain lysates
(Figure 2C). These findings support the possibility that
Pin1 interacts with a neuron-specific JNK signaling
complex at the mitochondria in neurons.
We next carried out structure-function analyses to de-
termine the regions of JIP3 and Pin1 that associate with
each other. Pin1 interacted robustly with the N-terminal
domain of JIP3 (aa 1–442) and only weakly with the
region of JIP3 that interacts with MLK3 and MKK7 (aa
420–815) or the C-terminal region of JIP3 (aa 800–
1337) (Figure 2D). The N-terminal region of JIP3 en-
compasses the JNK binding domain (JBD) of JIP3
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(A) Nuclear (N), heavy membrane (HM), and cytosolic (C) fractions prepared from 293T cells, cortical neurons, and cerebellar granule neurons
were subjected to immunoblotting for Pin1, BIM, the mitochondrial marker HSP60, and the nuclear marker SP1. (B) Cortical neurons were sub-
jected to indirect immunofluorescence using antibodies to Pin1 and HSP60 and the DNA dye bisbenzimide (Hoechst 33258) and analyzed by
confocal microscopy. (C) Whole-brain lysates were immunoprecipitated with a JIP3 antibody or control IgG, followed by immunoblotting for
Pin1. Left panels show the expression of Pin1 and JIP3. (D) Lysates of 293T cells transfected with FLAG-tagged fragments of JIP3 fragment
(1-442, 420-815, 800-1337, and 144-241) were subjected to a GST-Pin1 pulldown, followed by immunoblotting for FLAG and GST. Left panel
shows the expression of FLAG-JIP3 fragments. (E) Lysates of granule neurons were subjected to a pulldown assay using GST or GST-Pin1
WW followed by immunoblotting for JIP3 and GST. (F) Lysates of granule neurons were incubated without or with l phosphatase (PPase), fol-
lowed by GST-Pin1 pulldown and immunoblotting for JIP3 and GST. (G) Lysates of 293T cells transfected with FLAG-JIP3 or FLAG-BIMEL
together with FLAG-MEKK1D were subjected to a GST-Pin1 pulldown assay in the presence of increasing amount of Pintide peptide (0, 2.5,
5, 10, 25 mM), followed by immunoblotting for FLAG and GST. Representative immunoblots of three independent experiments are shown.
(H) Lysates from granule neurons that were kept in conditioned full medium (CM) or starved for 2 hr (Starv) were immunoprecipitated using
a JIP3 antibody, followed by immunoblotting for Pin1. Left panels show the expression of JIP3 and Pin1.(aa 207–216) (Ito et al., 1999; Kelkar et al., 2000). How-
ever, Pin1 failed to interact with a JIP3 region spanning
residues 144–241 (Figure 2D), suggesting that Pin1
binds to JIP3 at sites that are distinct from the JBD.
In other experiments, we found that endogenous JIP3
in granule neurons robustly interacted with recombinantGST-Pin1 or GST-Pin1 WW in vitro (Figures 2E and 2F),
suggesting that Pin1 interacts with phosphorylated
JIP3. Although GST-Pin1 coprecipitated with JIP3 from
control lysates, GST-Pin1 failed to coprecipitate JIP3
from lysates treated with phosphatase (Figure 2F).
Thus, similar to BIMEL, JIP3 interacts with Pin1 in
Neuron
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GST pulldown assays, increasing amounts of an optimal
Pin1 binding peptide (Pintide) (WFYpSPRLKK) (Lu et al.,
1999b) similarly disrupted the interaction of Pin1 with
JIP3 and BIMEL in a dose-dependent manner (Figure 2G).
Since the WW domain contains a single binding pocket
for Pintide (Lu et al., 1999b), our results suggest that
phosphorylated JIP3 and BIMEL bind to the same phos-
phoprotein binding pocket of the Pin1 WW domain.
To determine whether the binding of Pin1 to JIP3 is
regulated by an apoptotic stimulus, we measured the in-
teraction of endogenous Pin1 and JIP3 in granule neu-
rons that were left in full medium (conditioned medium,
CM) or that were starved for 2 hr. Pin1 coimmunopreci-
pitated with JIP3 in full medium (Figure 2H). However,
activity and growth factor withdrawal, as well as expo-
sure of neurons to other JNK activating stimuli includ-
ing MG132 and hydrogen peroxide, led to a decrease
in the interaction of Pin1 and JIP3 (Figure 2H and data
not shown). Accompanying the dissociation of Pin1 and
JIP3, there was increased association of Pin1 with BIMEL
(Figure 1D). Together, our findings suggest that Pin1 as-
sociates with a neuron-specific JIP3 scaffold complex at
the mitochondria. Upon a JNK-activating stress stimu-
lus, Pin1 is released from JIP3 and associates with
Ser65-phosphorylated BIMEL at the mitochondria.
The interaction of Pin1 with Ser65-phosphorylated
BIMEL in neurons led us to investigate whether Pin1
might mediate the ability of Ser65-phosphorylated
BIMEL to induce apoptosis specifically in neurons. We
first determined the role of Pin1 in apoptosis of granule
neurons. Expression of exogenous Pin1 in granule neu-
rons significantly induced cell death (Figure 3A). Pin1-
induced apoptosis was blocked by coexpression of
BCL-XL or upon inhibition of caspases (Figure 3A and
data not shown), indicating that Pin1 promotes cell
death through the cell-intrinsic apoptotic machinery.
To assess the role of endogenous Pin1 in neuronal ap-
optosis, we employed a vector-based RNA interference
(RNAi) method. The expression of Pin1 hairpin RNAs
(hpRNAs) effectively reduced endogenous Pin1 expres-
sion in 293T cells and primary neurons (Figures 3B and
3C). We next determined the effect of Pin1 knockdown
on apoptosis induced in neurons by withdrawal of
growth factors and the inhibition of neuronal activity.
As expected, inhibition of neuronal activity, achieved
by lowering the concentrations of potassium chloride,
or the withdrawal of both activity and growth factors in-
duced apoptosis in control U6 plasmid-transfected neu-
rons (Figures 3D and 3E). However, Pin1 knockdown
significantly protected neurons from cell death under
both apoptotic stimuli (Figures 3D and 3E). Under these
apoptotic conditions, Pin1 hpRNA-expressing neurons
had robust neurites and intact nuclei compared to neu-
rons transfected with the control plasmid (Figure 3D).
Pin1 knockdown also protected neurons from apoptosis
induced upon expression of MEKK1D (data not shown).
Together, these results suggest that Pin1 is required for
growth factor and activity withdrawal-dependent and
JNK-induced neuronal cell death.
To ensure specificity of the Pin1 knockdown-induced
phenotype, we performed a rescue experiment. We gen-
erated an expression construct encoding a Pin1 rescue
that is insensitive to the Pin1 RNAi (Pin1-Res). Pin1knockdown reduced the expression of Pin1, but failed
to effectively reduce the levels of Pin1-Res (Figure S3).
Expression of Pin1-Res but not Pin1 encoded by wild-
type cDNA reversed the protective effect of Pin1 RNAi
against apoptosis in neurons (Figure 3F). Thus, the
Pin1 RNAi-triggered protection from neuronal apoptosis
is the result of specific knockdown of Pin1 rather than
off-target effects of Pin1 RNAi.
We next asked whether endogenous Pin1 is required
for BIMEL to induce cell death in neurons. We found
that while the expression of BIMEL on its own potently in-
duced apoptosis in neurons, knockdown of Pin1 signif-
icantly inhibited BIMEL-induced apoptosis (Figure 3G).
Expression of antisense Pin1 RNA also significantly re-
duced BIMEL-induced cell death (Figure 3H). Together,
these results indicate that Pin1 contributes to BIMEL-
induced apoptosis in neurons.
Having identified that Pin1 is an important mediator of
apoptosis downstream of JNK-BIMEL signaling in neu-
rons, we next investigated the mechanism underlying
Pin1-induced neuronal cell death. We took advantage
of the observation that Pin1-Res reverses the Pin1
RNAi-induced survival phenotype to carry out struc-
ture-function analyses of Pin1 in the background of
Pin1 knockdown. Pin1 contains an amino-terminal WW
domain that binds to specific phosphoSer/Thr-Pro mo-
tifs and a carboxyl-terminal enzymatic peptidyl prolyl
isomerase (PPI) domain that catalyzes the cis-trans
isomerization of the phosphoSer/Thr-Pro bonds (Wulf
et al., 2005). To determine whether binding of phospho-
proteins through its WW domain is sufficient for the
apoptotic function of Pin1, we expressed a Pin1 WW
domain that contains an additional mutation (S16A),
thereby allowing Pin1 to bind tightly to its substrates
(Lu et al., 2002). As the Pin1 hpRNAs target the C-termi-
nal PPI domain of Pin1, the Pin1 WW S16A mutant is
insensitive to the Pin1 RNAi. In contrast to Pin1-Res, ex-
pression of Pin1 WW S16A failed to rescue the Pin1
RNAi-induced survival phenotype in granule neurons,
suggesting that the WW domain is not sufficient for the
apoptotic function of Pin1 in neurons (Figure 4A).
To assess the role of the PPI domain in Pin1-mediated
cell death, we generated two catalytically impaired Pin1-
Res constructs by mutating the critical catalytical sites
C113A and H59A. The C113A and H59A mutations sig-
nificantly reduce Pin1’s PPI activity without affecting
Pin1-substrate binding (Yaffe et al., 1997). We ex-
pressed the Pin1-Res mutants C113A and H59A in the
background of Pin1 RNAi. In contrast to Pin1-Res,
both Pin1-Res mutants failed to reverse the Pin1 RNAi-
induced survival phenotype in neurons (Figure 4B). The
C113A or H59A mutation had little or no effect on the
binding of Pin1 to BIMEL or JIP3 (Figure 4B and Fig-
ure S4). Together these results suggest that a functional
PPI domain is required for Pin1-mediated neuronal apo-
ptosis.
The requirement of the PPI domain for Pin1-mediated
neuronal cell death suggests that a conformational
change in the Pin1 substrate BIMEL may be required
for its function in neuronal apoptosis. This raises the
question of how the binding and consequent isomeri-
zation of Ser65-phosphorylated BIMEL by Pin1 might
induce BIMEL-dependent apoptosis in neurons. Phos-
phorylation of BIMEL at Ser65 by ERK1/2 in non-neural
Pin1-BIM Activation of Neuronal Apoptosis
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(A) Granule neurons were transfected with the control vector or a Pin1 expression plasmid alone or together with a BCL-XL expression plasmid
and a b-galactosidase expression vector. Neurons were fixed 40 hr after transfection and subjected to indirect immunofluorescence with a
b-galactosidase antibody and the DNA dye bisbenzimide (Hoechst 33258). Percentage of apoptosis is represented as mean6 SEM. Expression
of Pin1 significantly induced apoptosis (n = 3; ANOVA; p < 0.05), but was blocked by coexpression of BCL-XL (p < 0.01). (B) Lysates of 293T cells
transfected with the control vector or Pin1 RNAi plasmid were subjected to immunoblotting for Pin1 and HSP60. (C) Granule neurons transfected
with the Pin1 RNAi plasmid and b-galactosidase were subjected to indirect immunofluorescence using antibodies against b-galactosidase and
Pin1 and the DNA dye bisbenzimide (Hoechst 33258). Arrowhead points at a transfected neuron with reduced Pin1 immunoreactivity. Endoge-
nous Pin1 was robustly reduced in 50% of Pin1 RNAi-transfected neurons. (D) Granule neurons were transfected with the U6 control vector or
U6/pin1 RNAi plasmid together with b-galactosidase. Four days after transfection, neurons were kept in conditioned full medium or starved for
24 hr and subjected to indirect immunofluorescence as in (A). Top panels show representative pictures of the starved neurons. Starvation
significantly induced apoptosis in U6-transfected neurons (n = 5; ANOVA; p < 0.0001). Apoptosis upon starvation was significantly reduced in
U6/pin1-transfected neurons (n = 5; ANOVA; p < 0.0001). (E) Granule neurons were transfected as in (D). Two days after transfection, neurons
that were kept in full medium (BME + 5% serum + 25 mM KCl) or deprived of KCl for 48 hr were fixed and subjected to indirect immunofluores-
cence as in (A). KCl deprivation significantly induced apoptosis in U6-transfected neurons (n = 3; ANOVA; p < 0.005). Pin1 knockdown signifi-
cantly protected neurons from KCl deprivation-induced apoptosis (n = 3; ANOVA; p < 0.005). (F) Granule neurons were transfected with the vector
control, Pin1, or Pin1-Res plasmid together with the control U6 or U6/pin1 plasmid. Four days after transfection, neurons were starved for 16 hr
and subjected to indirect immunofluorescence as in (A). Pin1 knockdown significantly reduced apoptosis (n = 3; ANOVA; p < 0.005). Expression
of Pin1 failed to rescue the RNAi-induced phenotype, while expression of Pin1-Res significantly reversed the effect of Pin1 RNAi (n = 3; ANOVA;
p < 0.001). (G) Granule neurons were transfected with the vector control or a BIMEL expression plasmid together with the control U6 or U6/pin1
RNAi plasmid. Four days after transfection, neurons were starved for 8 hr and subjected to indirect immunofluorescence as in (A). Expression
of BIMEL significantly induced apoptosis (n = 3; ANOVA; p < 0.0001). BIMEL-induced apoptosis was significantly reduced upon Pin1 knockdown
(n = 3; ANOVA; p < 0.005). (H) Granule neurons were transfected with the vector control or a BIMEL expression plasmid together with a Pin1
antisense plasmid. Neurons were treated as in (G). Expression of BIMEL significantly induced apoptosis (n = 3; ANOVA; p < 0.0005). Expression
of Pin1 antisense RNA significantly reduced BIMEL-induced apoptosis (n = 3; ANOVA; p < 0.01).
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(A) Granule neurons were transfected with the vector control, a Pin1-Res, or a Pin1 WW S16A expression plasmid together with the control U6 or
U6/pin1 plasmid and a b-galactosidase expression plasmid. Four days after transfection, neurons were starved for 16 hr and subjected to in-
direct immunofluorescence using antibodies against b-galactosidase and Pin1 and the DNA dye bisbenzimide (Hoechst 33258). Pin1 knockdown
significantly reduced apoptosis (n = 6; ANOVA; p < 0.0001). Expression of Pin1-Res reversed the RNAi-induced phenotype (n = 6; ANOVA; p <
0.0001), while expression of Pin1 WW S16A had no significant effect. (B) Left panel: Lysates of 293T cells transfected with HA-BIMEL and FLAG-
MEKK1D were subjected to a pulldown assay using GST, GST-Pin1, GST-Pin1 C113A, or GST-Pin1 H59A, followed by immunoblotting for HA
or GST. Right panel: Granule neurons were transfected with the vector control, a Pin1-Res, a Pin1-Res C113A, or a Pin1-Res H59A expression
plasmid together with the control U6 or U6/pin1 vector. Neurons were treated as in (A). Pin1 knockdown significantly reduced apoptosis (n = 3;
ANOVA; p < 0.0001). Expression of Pin1-Res reversed the Pin1 RNAi-induced phenotype (n = 3; ANOVA; p < 0.0001), while expression of Pin1-Res
C113A and H59A did not significantly affect the Pin1 RNAi-induced survival phenotype. (C) Granule neurons were infected with the vector control
or Pin1 RNAi-expressing lentivirus. Four days after infection, neurons were starved for 2 hr, lysed, and lysates were subjected to immunoblotting
for BIM, Pin1, GFP, and HSP60. Expression of the Pin1 RNAi plasmid significantly reduced Pin1 and BIMEL but not GFP or HSP60 protein levels
(see text for details). (D) Granule neurons were infected with the vector control or Pin1 RNAi-expressing lentivirus. Four days after infection, RNA
was isolated and subjected to RT-PCR with specific primers to BIMEL, Pin1, and GAPDH. (E) Model of Pin1’s role in JNK-activation of BIMEL in
neurons. See text for details.cells is reported to promote degradation of BIMEL by the
proteasome (Ley et al., 2004; Luciano et al., 2003). To
assess the effect of Pin1 on BIMEL protein levels, we in-
duced knockdown of Pin1 in granule neurons using
a Pin1 RNAi lentivirus. Four days after lentiviral infection,
neurons were starved for 2 hr to activate JNK signaling.
Pin1 protein levels were significantly reduced upon in-
duction of Pin1 RNAi (65% 6 3% reduction compared
to control vector-infected neurons; n = 3; ANOVA; p <
0.0001) (Figure 4C). Interestingly, BIMEL protein levels
were also significantly reduced in the Pin1 RNAi-
infected neurons (46%6 1.5% reduction; n = 3; ANOVA;
p < 0.0001)(Figure 4C). However, the levels of coex-
pressed GFP and endogenous HSP60 remained unal-
tered. Although Pin1 knockdown led to a reduction in
BIMEL protein levels, BIMEL mRNA levels remained un-
changed upon Pin1 knockdown (Figure 4D). These re-
sults suggest that Pin1 stabilizes BIMEL protein levels
in neurons. In other experiments in which we fraction-
ated lysates of neurons following lentiviral-mediated
RNAi, we found that while Pin1 knockdown reduced
the amount of BIMEL, the mitochondrial localization of
BIMEL remained unaltered (data not shown). Together,our findings support the model that the presence of
Pin1 in a neuron-specific mitochondrial JNK signaling
complex might allow Pin1 to bind BIMEL after its phos-
phorylation by JNK, promoting a conformational change
in BIMEL and thereby protecting Ser65-phosphorylated
BIMEL from proteasomal degradation in neurons (see
model in Figure 4E).
Discussion
In this study, we have identified a mechanism by which
JNK-induced phosphorylation of the BH3-only protein
BIMEL at Ser65 triggers apoptosis specifically in neu-
rons. We find that the prolyl isomerase Pin1 interacts
with Ser65-phosphorylated BIMEL in neurons. A signifi-
cant proportion of Pin1 in neurons but not in non-neural
cells is localized at the mitochondrial membrane, where
BIMEL resides. Pin1 associates with the neuron-specific
JNK signaling scaffold protein JIP3. Remarkably, upon
exposure of neurons to apoptotic stimuli that induce
JNK signaling, Pin1 dissociates from JIP3 and concom-
itantly interacts with JNK-phosphorylated BIMEL. The
interaction of Pin1 with Ser65-phosphorylated BIMEL
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ptosis. Together, our findings define a mechanism
whereby Pin1 mediates neuron-specific activation of
the mitochondrial cell death machinery.
Our study sheds light on the important question of
how apoptosis is regulated in a cell-specific manner in
the nervous system. The phosphorylation of BIMEL at
Ser65 elicits strikingly distinct responses depending
on cell type, leading to apoptosis in neurons and cell
survival in proliferating non-neural cells (Becker et al.,
2004; Ley et al., 2004; Luciano et al., 2003; Putcha
et al., 2003; Reginato et al., 2005). The phosphorylation
of BIMEL at Ser65 is mediated by ERK1/2 in non-neural
cells and thought to lead to the ubiquitin-dependent
proteasomal degradation of BIMEL (Ley et al., 2004; Lu-
ciano et al., 2003). Our findings suggest that the binding
of Pin1 to Ser65-phosphorylated BIMEL and its conse-
quent isomerization in neurons may act as a molecular
switch that protects BIMEL from ubiquitination and deg-
radation (Figure 4E).
Pin1’s function in neuronal apoptosis appears to be
conferred by its distinct subcellular localization in neu-
rons. The selective enrichment of Pin1 at the mitochon-
drial membrane in neurons may be achieved owing to
the interaction of Pin1 with the JNK signaling scaffold
protein JIP3. The JIP proteins and associated compo-
nents of the JNK signaling pathway play key roles in
neuronal apoptosis (Kuan et al., 2003; Whitmarsh
et al., 2001; Yang et al., 1997). Among the JIP proteins,
JIP3 is expressed in a neuron-specific pattern, and
within neurons robust amounts of JIP3 and other com-
ponents of the JNK signaling pathway are localized at
the mitochondrial membrane (Figure S2) (Putcha et al.,
2003). Thus, the association of Pin1 with JIP3 may pro-
vide the basis for the participation of the ubiquitously
expressed Pin1 in activation of the mitochondrial apo-
ptotic machinery specifically in neurons.
The identification of Pin1’s interaction with JIP3 has
important ramifications for both Pin1 and JIP3 function
in neurons. Studies of JIP3 in Drosophila, C. elegans,
and mice point to functions of JIP3 in kinesin-dependent
anterograde axonal transport (Bowman et al., 2000;
Byrd et al., 2001; Kelkar et al., 2003). JIP3 also interacts
with the dynactin/dynein motor complex and thus en-
gages in retrograde transport of JNK signaling in re-
sponse to nerve injury (Cavalli et al., 2005). In view of
our findings, these observations raise the possibility
that Pin1 might link JIP3-propagated axonal injury sig-
nals to the activation of the cell death machinery. JIP3
and Pin1 have an intimate colocalization pattern in
subcellular fractions in addition to the mitochondria in
neurons (E.B.E.B. and A.B., unpublished data). These
results raise the interesting possibility that the JIP3 sig-
naling complex may participate in the regulation of other
Pin1 functions in the nervous system, including counter-
acting the degenerative effects of hyperphosphorylated
tau on the neuronal cytoskeleton (Liou et al., 2003).
Although we have focused in this study on the role of
Pin1 downstream of Ser65-phosphorylated BIMEL, Pin1
may have a more general role in neuronal cell death. In
dividing cells, Pin1 promotes cell cycle progression by
acting on substrates of the mitotic kinase Cdc2 (Shen
et al., 1998). Interestingly, Cdc2 induces apoptosis in
neurons (Becker and Bonni, 2004; Konishi et al., 2002),suggesting the possibility that Pin1 might also contrib-
ute to Cdc2-induced cell death in neurons.
Our study raises the interesting question of whether
the specific role of Pin1 in the activation of the mitochon-
drial apoptotic machinery in neurons might contribute to
the pathogenesis of neurologic disorders. Thus, manip-
ulation of Pin1 at the mitochondrial membrane and its in-
teractions with JIP3 might provide useful clues in the de-
velopment of novel treatments for neurologic diseases.
Experimental Procedures
Plasmids
Pin1 plasmids were kindly provided by Kun Ping Lu. Point mutations
in Pin1 were introduced using the QuikChange Site-Directed Muta-
genesis Kit (Stratagene) and were verified by sequencing. The
BCL-XL expression plasmid was a gift of Stanley Korsmeyer. The
full-length FLAG-JIP3 construct was a gift from Roger J. Davis.
FLAG-tagged JIP3 fragments 1-442, 420-815, 800-1337, and 144-
241 were generated by PCR and subcloned into the 3xFLAG CMV-
7.1 vector (Sigma). The U6/pin1 RNAi plasmid was designed to spe-
cifically target the 21 nucleotide region GAGACCTGGGTGCCTT
CAGCA in Pin1 mouse, rat, and human mRNA. The targeted region
in Pin1 showed no significant homology with any other gene by
BLAST. The pLentiLox3.7 (pLL3.7) vector (provided by Luk van Par-
ijs) was used to generate the Pin1 RNAi lentivirus.
Cell Culture, Transfections, and Infections
Transfections in 293T cells were performed by a calcium phosphate
transfection method. Primary cerebellar granule neurons were pre-
pared from 6-day-old Long-Evans rats and transfected using a cal-
cium phosphate method as described (Konishi et al., 2002). Lentivi-
rus was generated in 293T cells by cotransfecting pLL3.7 and viral
packaging vectors as described (Rubinson et al., 2003). Neurons
were infected with lentivirus on P6 (8 hr after plating) and harvested
4 days later for analysis.
Biochemical Assays
GST-pulldown assays were performed as described (Ryo et al.,
2003). Immunoprecipitations and subcellular fractionations were
performed as described (Konishi et al., 2004). The postnuclear su-
pernatant was further centrifuged at 10,000 3 g for 30 min to pellet
the mitochondrially enriched heavy membrane (HM) fraction.
Antibodies to BIM (Stressgen); phospho65 BIM antibody (Bio-
source); HA, HSP60, JIP3, GST (Santa Cruz Biotechnology); FLAG
(Sigma); P-c-Jun, MKK7, Pin1 (Cell Signaling); SP1, JNK (Upstate);
GFP (Molecular Probes) were purchased.
Survival Assays in Cerebellar Granule Neurons
Survival assays in granule neurons were done as described (Becker
et al., 2004). Cell death was assessed in transfected neurons based
on the integrity of neurites and the morphology of the nucleus as de-
termined using the DNA dye bisbenzimide Hoechst 33258 (Sigma).
Cell counts were done in a blinded manner (n = 100 cells per condi-
tion) and analyzed for statistical significance by ANOVA followed
by Fisher’s protected least significance difference post hoc test.
At least three independent experiments were used for statistical
analysis.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/49/5/655/DC1/.
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